Introduction: Methicillin-susceptible Staphylococcus aureus (MSSA) is a common cause of infection in humans. Beta-lactam antibiotics are the preferred agents, with anti-staphylococcal penicillins (ASPs) or the first-generation cephalosporin, cefazolin, favored by clinicians. Recent studies comparing the two strategies suggest similar outcomes between the agents. The purpose of this meta-analysis was to explore differences between cefazolin and ASPs for the treatment of MSSA infections. Methods: We performed a meta-analysis with trial sequential analysis (TSA) of observational or cohort studies using a random-effects model. Two blinded reviewers independently assessed studies for inclusion, risk of bias, and data extraction. The primary outcome was all-cause mortality. Secondary outcomes included clinical failure, infection recurrence, and antibiotic discontinuation due to adverse events. Subgroup analyses were conducted for the primary outcome by type of ASP, studies with a high percentage of deep-seated infections, and studies of low to moderate risk of bias. Results: After performing a comprehensive search of the literature, and screening for study inclusion, 19 studies (13,390 patients) were included in the final meta-analysis. Fifteen of the 19 studies (79%) were judged as having a Enhanced Digital Features To view enhanced digital features for this article go to https://doi.org/10.6084/ m9.figshare.9009701. low or moderate risk of bias. Use of cefazolin was associated with lower all-cause mortality [odds ratio (OR) 0.71, 95% confidence interval (CI) 0.56-0.91, p = 0.006, I 2 = 28%], clinical failure (OR 0.55, 95% CI 0.41-0.74, p \ 0.001, I 2 = 0%), and antibiotic discontinuation due to adverse events (OR 0.25, 95% CI 0.16-0.39, p \ 0.001, I 2 = 23%). Infection recurrence was higher in the cefazolin patients (OR 1.41, 95% CI 1.04-1.93, p = 0.03, I 2 = 0%). Conclusion: This meta-analysis demonstrated that the use of cefazolin was associated with significant reductions in all-cause mortality, clinical failure, and discontinuation due to adverse events, but was associated with an increased risk of infection recurrence.
INTRODUCTION
Staphylococcus aureus (S. aureus) is a gram-positive bacterium that is a part of normal human skin flora. S. aureus is the causative pathogen for a wide array of clinically significant infections, ranging from skin and soft tissue infections to more severe infections including endocarditis, bacteremia, pneumonia, and osteomyelitis. S. aureus infections are typically broken down into two categories based on their susceptibility profile, methicillin-susceptible (MSSA) or methicillin-resistant (MRSA), with MRSA being associated with higher mortality rates [1] and fewer treatment options. Despite these data, MSSA is still a clinical concern as it still accounts for [ 50% of all S. aureus bacteremias, with reported mortality rates of 15-30%, depending on patient comorbidities [2] . Selection of an appropriate treatment regimen is an optimal component of ensuring optimal outcomes in patients with MSSA infections.
Historically, beta-lactams have been the preferred agents for the treatment of MSSA infections, owing to being more efficacious than other agents such as vancomycin, reducing overall mortality, and preventing infection recurrence [3] . Within the beta-lactam drug class, anti-staphylococcal penicillins (ASPs) such as nafcillin and oxacillin are often utilized as first-line agents to treat MSSA infections. Concerns with the frequency of dosing, relatively high acquisition cost, and patient tolerance associated with ASPs have led to an interest in suitable alternatives. Cefazolin is a first-generation cephalosporin that has in vitro activity against MSSA and has a favorable pharmacokinetic profile allowing for less frequent dosing compared with ASPs. However, this enthusiasm is tempered by in vitro data that suggest that an inoculum effect can occur, resulting in higher rates of antibiotic failure compared with ASPs for the treatment of MSSA infections with high bacterial inoculum [4] . However, despite these in vitro data, the impact of the inoculum effect on clinically relevant outcomes is controversial [5] . Additionally, the data are unclear on whether there is a difference between ASPs and cefazolin for the treatment of MSSA infections. The purpose of this metaanalysis is to determine which agent is more effective at reducing mortality and infection recurrence. Additionally, the study will evaluate whether there is any difference related to adverse events between the two treatment strategies.
METHODS
This meta-analysis was performed based on the methodology recommended by the Cochrane Collaboration and adhered to recommendations according to the Preferred Reporting Items for Systemic Reviews and Meta-analyses statement [6] . The study protocol was submitted and registered with the PROSPERO International Prospective Register of Systematic Reviews (study ID: CRD42018106442) before the start of the literature search. No specific funding sources were utilized to complete this study. This article is based on previously conducted studies and does not contain any studies with human participants or animals performed by any of the authors. Our hypothesis was that, compared with ASPs, cefazolin would be associated with reduced mortality and have superior safety outcomes [7] .
Eligibility Criteria
We sought to include all randomized controlled trials utilizing a parallel study design, or observational studies, including cohort and casecontrol studies comparing the use of ASPs with cefazolin. We sought to include only studies in which patients received MSSA treatment with cefazolin or ASP for at least 72 h. No restrictions were imposed based on publication status. We excluded studies conducted in pediatric patients, studies that did not report mortality as an outcome, studies that used antibiotics other than cefazolin or ASPs, studies that included bacteria other than MSSA, and animal and in vitro studies.
Search Strategy
A comprehensive population, intervention, comparator, and outcome question was created using applicable medical subject headings (MeSH) and individual substances to answer the question, ''Does cefazolin reduce all-cause mortality compared with antistaphylococcal penicillins for the management of MSSA infections?'' The initial search was conducted by a medical librarian (AFP) across PubMed/Medline, Web of Science, BIOSIS, and Cochrane CENTRAL Register of Controlled Trials. Gray literature was searched using ClinicalTrials.gov, Agency for Healthcare Research and Quality (AHRQ), and infectious diseases professional organizations. In each database, search strategies used controlled vocabulary, if applicable, as well as a variation of keywords related to cefazolin, staphylococcal infections, and antistaphylococcal penicillin. Additionally, relevant conference proceedings and abstracts identified in the search were included if no resulting peerreviewed article was found. A secondary search of Google Scholar was also performed to identify other relevant articles. All references, recent systematic reviews, and guidelines were hand-searched for trials and citations not included from the initial search. Search results were not limited by language or date. The literature search was initially conducted in September 2018 and re-run in June 2019. Full search strategies are available in the supplementary appendix.
Study Selection
Two investigators (JMA, AMC) independently screened each article for eligibility and inclusion using an electronic spreadsheet (Microsoft Corp., Redmond, WA). Disagreements were resolved by adjudication between the investigators until consensus was achieved.
Data Extraction
Electronic data collection forms were developed to assess primary and secondary outcomes. Data were also collected on inclusion/exclusion criteria for each study, patient demographics (i.e., age, gender, deep-seated infection, ICU admission at baseline, history of IV drug abuse, baseline need for hemodialysis), year of publication, and type of intervention (drug, dose, duration). Deep-seated infections were defined as osteomyelitis, endocarditis, or pneumonia. Using an electronic data extraction tool, two investigators (JMA, LB) independently extracted data from each study. Disagreements were resolved by adjudication until consensus was achieved.
Risk of Bias Assessment
Individual risk of bias at the study level was assessed independently by two investigators (JMA, LB) using the Risk of Bias in Non-randomized Studies of Interventions (ROBINS-I) for non-randomized studies [8] . Disagreements were resolved by adjudication between the investigators until consensus was achieved. A priori sensitivity analyses were performed to test the effect of only including studies with low or moderate risk of bias.
Statistical Analysis
The primary study outcome was all-cause mortality, reported as odds ratio (OR), and 95% confidence intervals (95% CI). Secondary outcomes included clinical failure, infection recurrence, and antibiotic discontinuation due to adverse events. Subgroup analyses were conducted for the primary outcome by type of ASP used, studies of low to moderate risk of bias, studies utilizing at least 4 g/day of cefazolin, and studies with a high percentage of deepseated infections. Studies with a high percentage of deep-seated infections were defined as having [ 25% of cefazolin patients with deepseated infections (i.e., pneumonia, osteomyelitis, and endocarditis) [9] . Due to the anticipated variability in patient populations, risk factors, and interventions across included studies, all outcomes were analyzed using the Mantel-Haenszel random-effects model. Heterogeneity among trials was quantified by using the inconsistency factor (I 2 ). All p values B 0.05 were considered statistically significant. Statistical analysis was conducted using the Cochrane Review Manager v.5.3 (Cochrane, London, UK) and the Trial Sequential Analysis (TSA) software published by the Copenhagen Trial Unit, Centre for Clinical Intervention Research (available at http://www.ctu.dk/tsa/ index.html). TSA is a methodology that combines an information size calculation (i.e., cumulated sample sizes of all included trials) for a meta-analysis with the threshold of statistical significance. A sensitivity analysis using TSA was performed to confirm the findings of the meta-analysis. Furthermore, before the required information size is reached, TSA constructs monitoring boundaries to determine when an estimated effect is so convincingly large (or small) that the conclusions are unlikely to change with more evidence, which is analogous to an interim analysis of a single randomized controlled trial. The use of TSA to validate metaanalysis results has previously been described [10] . An additional sensitivity analysis to assess the robustness of the results compared with unmeasured confounding using the E value methodology was performed [11, 12] . The E value estimates what the relative risk would have to be for any unmeasured confounder to overcome the observed association of cefazolin with mortality in this study.
RESULTS

Study Characteristics
The initial study search yielded 2211 studies. After de-duplication, 979 studies were included in the initial screening process. After a review of titles and abstracts, and subsequent full-text review, 961 studies were excluded. A subsequent study search yielded an additional study that was not included in the original search, leaving 19 studies in the final analysis (13,390 patients) [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . There was one prospective, observational study included in the final analysis, while the remaining studies were retrospective study designs. The study inclusion flow diagram is included in the study supplemental information. Among the included studies, four had a serious risk of bias (21%), seven had a moderate risk of bias (37%), and eight had a low risk of bias (42%). The risk of bias for each included study is described in the supplemental study information. Of the included studies, 12 utilized nafcillin as the comparator ASP. Other ASPs included in the analysis were cloxacillin (n = 3), oxacillin (n = 2), floxacillin (n = 1), and nafcillin/oxacillin (n = 1). Nineteen of the studies included only patients with positive blood cultures for MSSA. The most-reported follow-up period for mortality was 30 day, with 11 studies reporting this as a study outcome. Other periods reported include 90-day (n = 4), in hospital (n = 3), and 28-day (n = 1). Among all studies in which specific sources of infection were reported, 3343/12,649 ( 
Primary Outcome
When all studies were included, the all-cause mortality was 12.8% (394/3081) in the cefazolin group and 14.4% (1483/10309) in the ASP group. The use of cefazolin was associated with lower all-cause mortality compared with ASPs (OR 0.71; 95% CI 0.56-0.91; p = 0.006; I 2 = 28%). Among a priori subgroup analysis, cefazolin was also associated with lower allcause mortality compared with ASPs in studies with low/moderate risk of bias (OR 0.75; 95% CI 0.59-0.96; p = 0.02; I 2 = 32%), studies that used nafcillin (OR 0.46; 95% CI 0.29-0.74; p = 0.001; I 2 = 0%), and studies with a high percentage of deep-seated infections (OR 0.48; 95% CI 0.32-0.73; p = 0.0005; I 2 = 0%). In studies that utilized at least 4 g/day of cefazolin, there were no differences observed in all-cause mortality between cefazolin and ASPs (OR 0.55; 95% CI 0.24-1.24; p = 0.15; I 2 = 0%). The results were unaffected when sensitivity analysis was performed evaluating the impact of the two largest included trials. Figure 1 summarizes all-cause mortality for all included studies and multiple a priori subgroup analyses. Sensitivity analysis of the primary outcome was also performed based on studies with low risk of bias (Supplement).
To assess the validity of the meta-analysis results, TSA was performed for all-cause mortality, using various power and zero-event handling assumptions. TSA confirmed the meta-analysis results for most assumed event rates, powering, and zero-event analyses (Supplement). The E value (relative risk) for the point estimate for all-cause mortality was 2.17.
Secondary Outcomes
Eleven studies reported results on clinical failure with cefazolin use being associated with less clinical failure compared with ASPs (OR 0.55; 95% CI 0.41-0.71; p \ 0.0001; I 2 = 0%) (Supplement 
DISCUSSION
Our study results suggest that cefazolin is associated with a small benefit in all-cause mortality compared with ASPs. Additionally, in our a priori subgroup analysis of all-cause mortality, cefazolin continued to be associated with less mortality across multiple subgroups, including studies with low/moderate risk of bias, studies that used nafcillin as the ASP comparator, and studies with high rates of deep-seated infections.
One particular subgroup analysis that warrants additional discussion is deep-seated infections.
Deep-seated infections such as endocarditis, osteomyelitis, and pneumonia can be notoriously difficult to treat, often require prolonged courses of therapy, and are associated with a higher degree of treatment failure. Previous literature questioned the utility of cefazolin for deep-seated MSSA infections because of an inoculum effect [32] . In our a priori subgroup analysis of studies with a high percentage of deep-seated infections, cefazolin outperformed ASPs in all-cause mortality, suggesting that it could be a reasonable therapeutic option in this patient population. TSA also confirmed the meta-analysis result for all-cause mortality across multiple power and zero-constant assumptions.
Cefazolin also was associated with reduced risk of clinical failure and antibiotic discontinuation due to adverse drug events compared with ASPs. The substantially lower risk of clinical failure and antibiotic discontinuation due to adverse drug events with cefazolin compared with ASPs indicated that patients with MSSA infections were more likely to complete therapy on cefazolin than to switch to another agent. Combined with the observed mortality benefit, these findings appear to imply that cefazolin may be the Fig. 1 All-cause mortality preferred option for the treatment of MSSA infections. However, these results should be interpreted with trepidation because of the lack of randomization and retrospective study design of all of the studies included in our analysis. Additionally, 18 of the 19 studies included only patients with MSSA infection complicated by bacteremia. The inclusion of positive MSSA blood cultures as an inclusion criterion reduces potential heterogeneity in the patient population compared with MSSA infections without concurrent bacteremia. However, this limited our ability to detect any differences in treatment effects among patients with MSSA infections complicated with bacteremia compared with MSSA infections without concurrent bacteremia. It is unclear whether cefazolin has benefits compared with ASPs in patients without concurrent bacteremia.
Our study results are consistent with previous meta-analyses completed on this topic. Weis and colleagues completed a meta-analysis of 14 studies (n = 12,859), which showed cefazolin use was associated with lower 30-day mortality and less nephrotoxicity compared with ASPs. No difference was noted in treatment failure or relapse rates [33] . Bidell and colleagues completed a meta-analysis of seven studies (n = 4391 patients) comparing cefazolin with ASP, which suggested cefazolin was associated with a lower risk of 90-day mortality risk compared with ASPs, but no difference in clinical failure [34] . Shi and colleagues completed a meta-analysis of ten studies (n = 4779 patients), which showed cefazolin use was associated with reduced all-cause mortality and less risk of antibiotic discontinuation due to adverse drug events compared with ASPs [35] . Lee and colleagues published a metaanalysis of nine studies (n = 4442 patients) in acutely ill patients that showed reduced mortality and lower risk of treatment failure with cefazolin compared with ASPs [36] . Our metaanalysis of 19 studies encompassing over 13,000 patients is the largest meta-analysis to date comparing cefazolin to ASPs for the treatment of MSSA infection and is concordant with the previous studies. Inclusion of a larger study [16] published in 2018, which has not previously been included in multiple meta-analyses [34] [35] [36] , and inclusion of gray literature explains the increased number of patients in our study. Additionally, our study is the first to apply TSA to confirm the meta-analysis results for cefazolin versus ASPs. Most meta-analyses do not have sufficient statistical power to detect or refute intervention effects. When the number of participants and the corresponding number of trials in a meta-analysis are insufficient, the use of the traditional 95% confidence interval or the 5% statistical significance threshold will lead to false conclusions (both type I and type II errors) [9] . Application of TSA to meta-analysis results allows for better interpretation of meta-analysis with small numbers of participants and included studies. In our study, TSA confirmed all of the observed results from the traditional meta-analysis. The finding that TSA confirmed all of our significant study results suggests that, based on the available evidence, cefazolin use is associated with better outcomes compared with ASPs. Additionally, we performed a sensitivity analysis for confounding variables for the primary outcome using the E value methodology. The calculated E value was 2.17, meaning that residual confounding could explain the observed association if an unmeasured covariate exists with a relative risk association at least as large as 2.17 with both ASP use and mortality. However, our meta-analysis is not without limitations. As previously noted, all of the included studies had an observational, retrospective study design, which alone introduces the risk of bias, compared with a prospective, randomized trial design. Additionally, 11 of the 19 included studies had a moderate or serious risk of bias according to the ROBINS-I assessment tool used to identify risk of bias in non-randomized trials. However, sensitivity analysis including trials solely with a low risk of bias, and those with low/moderate risk of bias studies did not affect the results of the primary outcome. An additional limitation is that none of the included studies evaluated the potential presence or influence of the cefazolin inoculum effect among MSSA isolates. Inconsistent study definitions across studies also were observed. Future studies on this topic should have a prospective study design, evaluate for the presence of a cefazolin inoculum effect, and account for flaws commonly noted in retrospective and observational studies by including proper randomization of study participants.
CONCLUSION
The results of our meta-analysis, the largest that has been completed on this topic to date, suggest that cefazolin use is associated with a small benefit in all-cause mortality, including in studies with a high percentage of deep-seated infections such as endocarditis, osteomyelitis, and pneumonia. Cefazolin was also associated with reduced clinical failure and was better tolerated compared with ASPs for the treatment of patients with MSSA infections. These findings were derived from retrospective, observational studies, which weakens the study findings. However, TSA confirmed the benefits of cefazolin compared with ASPs. Further investigation should be undertaken to evaluate whether cefazolin is associated with an increase in infection recurrence in patients with MSSA infections compared with ASPs. Pragmatically, it would appear reasonable to avoid using cefazolin in patient scenarios with a high-risk of infection recurrence until further evidence is available (e.g., MSSA endocarditis without the possibility of surgical management, prosthetic joint infection without the possibility of hardware removal). Due to its favorable pharmacokinetic profile requiring less frequent dosing, and associated positive clinical outcomes, cefazolin appears to be a reasonable alternative to ASPs for the management of MSSA infections. Further research is needed to evaluate for patient-specific factors to guide antibiotic selection in patients with MSSA infections.
